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1 Executive Summary 
 
Driven by a variety of factors including falling costs, environmental impacts, and state mandates, the 
integration of renewable energy on the U. S. electrical grid is increasing. While studies have shown that 
the existing electric grid system can absorb this load with the addition of considerable transmission and 
distribution infrastructure over the next few decades, the effect that intermittent solar and wind resources 
may have on the operational flexibility of the grid are less known. This poses a unique challenge for the 
Regional Transmission Organizations (RTO), Independent System Operators (ISO), and other grid 
operators that are responsible for procuring and coordinating ancillary services that support and maintain 
the reliable operation of the interconnected transmission system. As additional renewables are added to 
the system, they must secure enough services to account for small disparities between the quantity and 
quality of the energy output of these variable sources and those of the dispatchable resources responsible 
for the majority of electricity generation. In certain regions, these organizations not only determine the 
existence, definition, and pricing of these ancillary services, but also enable a range of generation, 
transmission, system control, and distribution system stakeholders to trade these products on open 
markets.  
 
Perhaps the most promising, but least proven, providers of ancillary services are electric energy storage 
(EES) technologies such as flywheels and advanced batteries. These devices store and release electric 
energy on demand and are prized for their fidelity and rapid response functionality. However, high costs 
associated with the operation of EES assets have prevented their deployment at a meaningful scale. The 
large-scale adoption of electric vehicles (EVs) presents an opportunity to overcome this barrier. Recent 
advancements in demand response, vehicle-to-grid (V2G), and battery technologies suggest that networks 
of aggregated battery EVs may soon be a reality. Research suggests these networks could provide EES-
based ancillary services at a competitive price.  
 
The purpose of this project is to provide a technical and economic analysis of the ability of EV networks 
to deliver ancillary services associated with the integration of renewables within the California 
Independent System Operator (CAISO) market area, and identify which ancillary services are best suited 
for EES. The California ISO region was selected for three reasons. Firstly, California is predicted to 
contain the highest concentration of early EV adopters in the US. Secondly, state regulators generally 
maintain a progressive stance towards renewable energy and EES. Finally, research suggests a causal 
relationship between increased renewable energy penetration and increased demand for two primary types 
of ancillary services within the CAISO region: frequency regulation and operating reserves.  
 
This report examines the potential impact of renewables on the ancillary service market under the CAISO, 
and focuses on the ability of EVs to provide such services via demand response and V2G. The document 
also presents a revenue model that incorporates potential scenarios regarding EV adoption, electricity 
prices, and driver behavior. The output of the model determines the overall revenue opportunity for 
aggregators who plan to provide DR-EV. While EVs and renewable energy technologies are often 
mentioned in the same breath as cornerstones of a low-carbon future, the relationship between the two 
technologies remain nebulous. Our hope is that the conclusions herein will facilitate the transition to a 
sustainable transportation system by highlighting important synergies and related potential business 
opportunities.  
 
In order to color our analysis and inform our assumptions, we relied on a number of private and public 
sector organizations. When considering the integration of renewables, we turned primarily to the 
California Public Utility Commission and the CAISO. To understand ancillary services and their markets, 
we relied on ORNL and EPRI reports and personnel. Similarly, we used published reports to model EV 
adoption rates and patterns. We also interviewed EV, EES, and renewable energy experts from the 
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University of Michigan to determine the capabilities and limitations of these technologies. Finally, the 
team met with experts from numerous advanced battery, utilities, and other industry stakeholders to 
collect supplementary information.  
 
During our study we created a simulation model and used primary and secondary research to examine the 
relationships between electric vehicles, renewable energy, and the electric grid. We found that increased 
penetration of renewables in the electricity grid does increase the demand for ancillary services. Also, 
while vehicle to grid technology is technically feasible, because actual commercialization is not likely in 
the near to medium term, this technology is not a viable source for providing ancillary services. However, 
electric vehicles when managed by an aggregator can participate in the ancillary services market through 














(Frequency) Regulation 10–15 min High <1 min Continuous Yes 
Spinning Reserves 10 min–2 hours Low <10 min Intermittent Yes 
Supplemental Reserves 10 min–2 hours Low <10 min Intermittent Yes 
Replacement Reserves 2 hours Low <30 min Intermittent Yes 
Voltage Control - - - - No 
Load Following 1–10 hours Medium <1 hour Intermittent No 
System Control NA NA NA Continuous No 
Real Power Loss Replacement 1–10 hours Low <10 min Continuous No 
   
 
Despite there being a significantly large market for these services, the limited revenue opportunity for 
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2 Project Introduction 
 
This project was conceived by four University of Michigan MBA/MS students who have a strong interest 
in the intersection of renewable energy, smart grid technology, and electric vehicles. Better Place, a 
global electric vehicle infrastructure and services company, was targeted by the project team as a sponsor 
for our project based on its revolutionary business model which encompasses all areas of our interests. 
The scoping for this project was a collaborative and iterative process between the company, the project 
team, and our project advisor.  
 
As an advocate of global sustainability, one of Better Place‟s goals is to contribute to ending the world‟s 
reliance on fossil fuels and to help control carbon dioxide and other emissions. Accordingly the company 
expressed to the project team its concern regarding the reliance of the U. S. electricity grid on coal, and 
the implications if EVs were largely powered by this source. This brought up questions about how the 
company interacts with renewable energy and to what extent it could be quantified.  
 
Ultimately the goal of the project is to identify the ways the EVs, renewable energy, and the electricity 
grid interact, and how an aggregator such as Better Place fits in. At the same time we attempted to 
quantify the benefits to aggregators and end users in terms of revenue opportunities from the markets that 
demand response via electric vehicles (DR-EV) participates in.  
 
This report begins by explaining the basic concepts behind EVs and EV Infrastructure, Vehicle-to-Grid 
technology, Demand Response, Electric Vehicle Electric Energy Storage, and renewable energy and its 
effects on the grid. We then move on to discuss EV adoption projections, and explain how our simulation 
model uses our research data to predict revenue opportunities. Finally, we examine the outputs of our 
model and make general conclusions.  
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3 Electric Vehicles and Energy Infrastructure 
3.1 Introduction to Vehicle-to-Grid (V2G) 
The vehicle-to-grid (V2G) concept links two large and independent systems – electrical power generation 
and light-duty vehicle transportation – for the first time. It accomplishes this linkage through integrating 
these systems via the bi-directional transfer of electricity over the “smart” grid. In other words, V2G 
conceptualizes that electric vehicles can facilitate both power inflow, which is stored in the vehicle‟s 
battery, and power outflow, which feeds power back out onto the traditional power grid whenever the 
vehicle is plugged in to a charging station.  
 
The current light-duty vehicular transportation system is based on individual fossil fuel-powered units. 
These units sit idle over 90% of each day and, in aggregate, are used in highly predictable patterns
i
. The 
electrification of the light duty fleet opens the door for V2G because the battery in each EV represents a 
mobile (distributed) storage opportunity for electricity generated by the grid
ii
. Under the vision of V2G 
proponents, this means that electricity can be stored easily and cheaply during times of excess production 
and returned to the grid at a later time, when demand is greater. This effectively allows electricity to be 
produced in the most cost-effective manner and serves to alter the traditional demand for energy and 
generation capacity requirements during any given day to promote efficiency in production and 
consumption.  
 
One central tenet of the practical application of V2G is the aggregation of electric vehicles into a resource 
that has the appropriate size and resource capability to become a meaningful player at the ISO-level 
electricity market (>1MW capacity). Storage capacity and grid support capability at the individual vehicle 
level are too small to impact the grid in a meaningful way – for example, in 2011 the most popular 
electric vehicle models (Chevrolet Volt and Nissan Leaf) utilize batteries that range in size from 16 to 24 
kWh, although due to the nature of lithium ion batteries not all of this capacity is available to be used by 
V2G. However, by combining hundreds or thousands of electric vehicles into a consolidated entity 
through V2G software and technology, electric vehicles can overcome their inherent individual 
limitations
iii




A V2G-enabled electric vehicle must contain each of the following three components:  
(1) A physical connection to the grid for electrical energy flow 
(2) A connection device that enables two-way communication with the grid operator, and  
(3) Controls and metering capability integrated into the vehicle‟s electrical systemv.  
3.2 V2G Feasibility 
It is important to note that despite widespread popularity in the press, V2G is currently still in the 
conceptual planning stages. Requisite V2G enabling technology – power grids that with remote control 
over bi-directional energy flows, widespread adoption of “smart” vehicle charging stations, power grid 
infrastructure upgrades and the development of grid standards, and electric vehicles with V2G-enabled 
communications software capabilities are not currently available to the general public at the requisite 
scale. Most estimates conclude that it will be several more years before any practical applications of V2G 
technology become widely adopted
vi
.  
3.3 V2G Challenges 
On the surface, V2G appears to be a promising development to those seeking to maximize the efficiency 
of the electric grid using existing grid resources. However, despite solid theoretical underpinnings, V2G 
has several challenges to overcome.  
 
To enable V2G to operate efficiently, the electricity grid must be re-developed to permit the bi-directional 
flow of power and power-related data between utilities, consumers, OEM onboard computers, and 
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charging infrastructure providers, among others. The result of this complexity in energy and data flow is 
the need for the development of standards along each piece of the V2G value chain. These standards will 
enhance the speed of development of a smart-grid enabled V2G system in the United States while 
ensuring and seamless and safe transition for consumers, utility workers, OEMs, and other relevant 
parties. These standards include both physical infrastructure as well as virtual standards involving 
communication, safety, data security, and information-sharing between stakeholders.  
 
As seen in the development process of many new, complex, multi-party systems, the current stage of 
smart grid deployment has been slowed by the proliferation of multiple independent stakeholders 
advocating for the adoption of proprietary technologies to be adopted as industry standards. The recent 
partnership between Nissan-Renault and Better Place to develop an EV battery that can be removed and 
replaced at a “swap” station is one example of private stakeholders developing a standard that they hope 
will be adopted by other vehicle OEMs in the future. However, as of April 2011 practically none of the 




As of early 2011, under authorization from the Energy Independence and Security Act (EISA) of 2007, 
the National Institute of Standards and Technology (NIST) convened a Vehicle-to-Grid Working Group 
to address the development of smart grid and V2G standards at the national level. This group, which 
includes state and national regulators, academics, and representatives from private industry, has been 
tasked with identifying “the service interfaces and standards needed. . . [and to] then prepare an action 
plan for addressing the interoperability issues that stand in the way of achieving the desired smart grid 
future”, including V2G. The goal of this working group is to produce a national set of V2G standards that 
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4 Demand Response via Electric Vehicles 
4.1 Introduction to Demand Response 
While the bi-directional flow of electricity between EVs and the grid may be years away from 
commercialization at scale, networked EVs promise nearer term benefits as a result of demand response 
(DR). FERC defines DR as:  
 
Changes in electric use by demand-side resources from their normal consumption 
patterns in response to changes in the price of electricity, or to incentive payments 
designed to induce lower electricity use at times of high wholesale market prices or 
when system reliability is jeopardized.  
 
DR programs fall under a larger umbrella of initiatives known as demand-side management (DSM) – the 
planning, controlling, and monitoring activities used by power dispatchers to manage supply and demand 
by encouraging consumers to modify their electricity usage
x
. Whereas energy efficiency focuses on 
reducing the amount of energy consumed by a particular good or service, DR exploits price signals and 
monetary incentives to impact consumption patterns, often in lieu of peaking generation and/or 
transmission and distribution (T&D) capacity
xi
. As a result, DR facilitates grid optimization, long-term 
planning, and certainty during emergency situations, while simultaneously realizing cost savings for T&D 
owners, grid operators, and end-users. Payment is conferred regardless of whether the services are called 
on or not. For additional background on DR, please reference Appendix 1.  
4.1.1 DR Market Participants 
The DR market encompasses a number of entities and roles (Figure 1). Amongst this tangled web of 
market participants, power dispatchers such as curtailment solution providers (CSPs) play a vital role by 
managing the exchange of data and the notification process amongst balancing authorities, utilities, and 
end-users in restructured markets. First, dispatchers weigh the consumption patterns and needs of 
electricity customers against tariff structures and variable electricity prices to establish curtailment plans. 
They also sign contracts with end-users to assume direct control of specific energy assets. They then 
aggregate this information to create portfolios of load reduction commitments – schedules which are 
provided to grid operators in exchange for recurring compensation related to the amount of capacity 
involved. In the event of a system emergency or requirement, operators require the aggregator to reduce 
or “dispatch” a portion of its contracted portfolio. In return, dispatchers receive additional compensation 
that may take the form of rate discounts, incentive payments, and bill credits. Finally, dispatchers take a 
profit of the total revenue collected before splitting the remaining revenue amongst their own customers. 
Utilities or other technology providers may take the place of the DR dispatcher and deal with the 
ISO/RTOs and customers directly. They may also act as a go-between between the dispatcher and grid 
operator.  
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Figure 1: DR Market Participants and Rolesxii 
 
4.1.2 DR Compensation 
The methods used to determine and award compensation for DR varies considerably amongst the 
RTO/ISO markets. Generally, DR payments are awarded in two pieces: contracted capacity and 
dispatched energy. While this distinction will be explored in greater detail later in the report, it is 
important to note that the protocols that govern DR compensation are set to change dramatically.  
 
On March 15, 2011, FERC ruled to amend the Federal Power Act and ensure that DR is compensated on 
par with traditional energy products and services. Under the revised compensation rules, the full market 
price for energy, also known as the locational marginal price (LMP), must be awarded to DR resources 
that: 1.) balance supply and demand as an alternative to generation and 2.) pass a net benefit test. A net 
benefit is said to exist as long as dispatching the DR reduces the LMP by more than the cost of 
dispatching and paying the LMP for the DR
xiii
. The basic premise behind this reduction is shown in 
Figure 2. According to FERC, payments made below the LMP in the real-time and day-ahead RTO/ISO 
markets for DR violates the Commission‟s goal of “just and reasonable” energy prices. The Commission 
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Figure 2: Supply and Demand Curve of Electricityxv 
 
4.1.3 DR Programs 
DR programs often encompass a spectrum of demand side management products and services, as well as 
a variety of functions between wholesale and retail entities
xvi
. Despite the best efforts of the DOE, FERC 
and market participants, classifying DR programs by type remains a challenge due to a lack of uniformity 
around market definitions and practices. As a result, DR programs are often organized by timescale, 
compensation, customer, and functionality (Figure 3). This report differentiates between time-based DR 
and incentive-based DR, while assuming that electricity customers may participate in all markets 
regardless of their size and current market rules. This presumption is based on recent regulatory activity.  
Figure 3: DR Program Typesxvii 
 
 
Although the electric power industry has employed DR for over a decade, these resources have primarily 
included interruptible, capacity, and bidding programs for commercial and industrial (C&I) customers 
with a load profile of more than 200 kW
xviii
. Operators continue to source the majority of their DR 
resources from large C&I through interruptible tariffs, capacity, and demand bidding programs. However, 
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industry regulators and market participants have recently begun to broaden the scale and scope of DR 
markets and applications. CSPs and power dispatchers have expanded their programs to include not only 
small (< 20 kW) to medium (20-200 kW) C&I customers, but also residential customers.  
 
According to FERC, residential customers represent the most untapped potential for demand response and 
offer the largest per-customer contribution under pricing programs. SBI Energy and Frost and Sullivan 
believe residential DR programs will play a substantial role over the next five years, but admit that 
residential DR remains in the pilot and evaluation phase despite receiving most of the market‟s attention 
since 2007
xix
. An example of successful residential programs is Florida Power and Light (FP&L) 
Company‟s “On Call” initiative that boasts the ability to shed ~1,000 MW while employing more than 
900,000 load control transponders across more than 750,000 enrolled customers
xx
.  
4.1.3.1 Price-based DR 
Price-based DR programs require advanced metering infrastructure (AMI) such as smart meters that are 
able to convey dynamic rates and record usage over shorter periods of time than traditional technologies.  
Time-of-Use Pricing Rates 
Time-of-use (TOU) rates vary by intra-day periods, day of the week, and season to reflect the average 
cost of generating and delivering power during that period
xxi
. TOU rates are typically conveyed well in 
advance and based on static peak and off-peak rates that reflect the average cost of generating and 
delivering power during those periods. Their inability to reflect operating conditions has led FERC to 




Dynamic pricing encourages customers to adjust their consumption patterns to capture savings based on 
dynamic electricity rates that change on a day-ahead or real-time basis. These rates fluctuate according to 
the cost of providing electricity at a particular time, which is directly related to load levels, reliability 
concerns, and critical events. Peak periods command a premium as a result of the higher-than-average 
cost of generation, while off peak hours see lower prices due to lower-than-average costs.  
 
Dynamic rates include the following initiatives and additional incentives
xxiii
: 
 Real-time prices (RTP) - fluctuate hourly to mirror the wholesale price of electricity and are 
typically conveyed on a day-ahead or hour-ahead basis.  
 Critical peak prices (CPP) - blend TOU and RTP features by maintaining TOU under normal 
operating conditions and a higher price under predefined conditions such as when system 
reliability is compromised or fuel prices jump.  
 Peak time rebates - reward demand reductions rather than penalize consumption during specific 
periods.  
 
Dynamic rates are further broken down into dispatchable and non-dispatchable resources
xxiv
: 
 Dynamic Pricing with Enabling Technology (Dispatchable) - rely on control and 
communications technologies to automatically reduce consumption. Customers program their 
preferences based on their needs and desired cost savings into automated systems. Technologies 
such as programmable thermostats and large automated building control systems are driving the 
implementation of these programs into residential and commercial applications respectively
xxv
.  
 Dynamic Pricing without Enabling Technology (non-Dispatchable) -passive programs rely on 
the end-user to reduce consumption manually based on individual preferences and dynamic rates. 
Customers may curb or reschedule certain activities such as laundry or dishwashing to realize 
lower rates. Non-dispatchable DR capacity is expected to be more difficult to estimate given the 
inevitable unknowns associated with behavior-based solutions.  
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4.1.3.2 Incentive-Based DR 
Direct Load Control (DLC)  
DLC authorizes grid dispatchers to cycle the end-use devices (HVAC systems, water heaters, etc.) of 
residential and C&I customers on and off to maintain reliability in exchange for cost savings. These 
programs rely on programmable technologies and switches to cycle conventional devices and may well be 
one of the first DR technologies applied to EVs due to the low cost of implementation and high degree of 
certainty that it affords.  
Interruptible Load (Tariffs)  
Interruptible load programs reduce consumption to pre-approved levels for C&I customers during periods 
of grid instability. Compensation for interruptible load events is provided in the form of rate discounts or 
bill credits. CSPs may provide notice before curtailment pending the specifics of each contract.  
Capacity Bidding 
Capacity programs employ DR resources to displace or supplement traditional generation or delivery 
resources during planning and operation. Operators signal to CSPs and other dispatchers when 
curtailment is required and penalize those that are unable to provide the contracted capacity. Contract 
terms include a maximum level of DR over a defined period of time. Since FERC‟s first proposal to allow 
DR to participate in organized capacity markets in 2008, DR providers have bid into capacity markets in 
PJM ISO region and ISO-NE. Only regulated utilities can bid into these programs.  
Demand Bidding & Buyback 
Demand programs allow DR providers to set desired prices for a set amount of load, or a particular 
amount of load curtailment at a specific price.  
Ancillary Services 
Grid operators have also begun to accept load curtailments from aggregators and grid dispatchers through 
the ancillary services markets – competitive markets that allow dispatchers and other participants to buy 
and sell reliability products and services at competitive rates. Currently, CSPs and other aggregators may 
bid curtailment capacity into the market at market rates. If these resources are called on, they also receive 
the spot-market price for energy. Although DR resources have yet to participate in ancillary services 
markets at a meaningful scale, widespread changes in the way DR is sourced and paid for are set to 
change the process.  
4.1.4 California & DR 
Since implementing TOU pricing for all large C&I customers in 1978, California has led the charge in 
pursuing DR resources. For example, following the energy crisis of 2000-2001, the state approved a 
resource loading order that placed DR behind energy efficiency, but ahead of renewable energy resources 
and conventional generation
xxvi
. While this designation does not favor demand resources in the energy 
mix, it is used to guide energy policies and decisions. As a result, the state has pursued programs like the 
2003/2004 Statewide Pricing Pilot (SPP), which indicated that despite concerns of sustained consumption 
impacts, residents and small C&I customers will support dynamic CPP rates with statistical significance.  
 
Over the past year, FERC has conditionally accepted the following CAISO compliance filings related to 
the provision of ancillary services via DR as outlined by FERC Order No. 719 (  
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Table 1: CAISO Compliance Filings & Implications 
FERC Approval Date Description of Filing Implication 
June 2010 
Outlines the implementation and need for a 
Scarcity Pricing Mechanism (SPM) – a 
mechanism to apply pre-determined prices in 
the day-ahead and real-time markets for 
energy and ancillary services markets 
associated with the procurement of regulation 
and reserves. Prices are based on demand 





By allowing prices to rise during 
times of scarcity and 
compensating demand-side 
ancillary services resources 
accordingly, CAISO aims to more 
accurately reflect the value of 
such services during operating 
shortages.  
July 2010 
Permits an aggregator or DR provider to bid 
directly into CAISO’s day-ahead and real-time 
energy service and ancillary service markets on 
behalf of retail customers through a 
mechanism known as Proxy Demand Resource 
(PDR). Proxy Demand Resources includes load 
or aggregated loads that are capable of 
measurable and verifiably reducing demand 
when prompted by CAISO dispatch 
instructions. Resource performance is to be 





This basic rule change allows 
retail customers to participate in 
organized markets, including 
those related to ancillary services, 
via aggregators. At the time of 
implementation, only the non-
spinning reserve market will be 
available to PDR.  
September 2010 
Includes tariff revisions that target the equal 
treatment of demand and supply resources in 




4.2 DR via EVs (DR-EV) 
4.2.1 Potential DR-EV Products and Services 
According to FERC‟s annual assessment of DR, the residential market for DR remains largely untouched 
and holds the most potential for growth
xxxi
. Within this end-consumer market, the ISO/RTO Council 
(IRC) has identified a number of scenarios where EVs may be managed as demand-side assets (Appendix 
1).  While the specifics of how these DR-EV methods are most likely to be deployed at scale remain 
unknown, DR-EV has the potential to provide the following products and services. 
4.2.1.1 Enhanced Aggregation (EA)  
Aggregating EVs would provide the scale, control, and flexibility required to participate in energy 
markets and impact grid operations. In order to increase the efficacy of this consolidation, EA will most 
likely be deployed along with dynamic and TOU pricing programs to predict with some degree of 
certainty how a particular set of customers may react. Similar to the way that traditional DR programs 
reduce loads across a large number of customers, EV aggregators should be able to monitor individual 
charging profiles to model expected supply and adjust load across a network of vehicles based on actual 
demand.  
4.2.1.2 Dynamic Pricing (DP) 
Dynamic pricing generally refers to any variable pricing scheme that reflects current supply and demand 
factors through “time-based rates”. The goal of such programs is to influence end-users to reduce or delay 
consumption by charging higher prices during peak periods or critical events and lower prices when 
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demand is lower. In the case of an EV user, dynamic rates would most likely be used to incent drivers to 
charge their vehicles at night, when demand for electricity is less. Unfortunately, consumer behavior is 
difficult to predict and the impact of such rates continues to be debated. As a result, despite FERC‟s 
assessment that universal and mandatory dynamic pricing could achieve peak demand reductions of 20% 
of peak by 2019 and considerable attention from utilities, startups, and data management companies like 
Google and IBM, the use of variable rates remains limited
xxxii
. Furthermore, of the few states that have 
approved such plans, most have only adopted rebate plans that reward customers for reducing demand on 
only the most critical hours of particular days. In contrast, California has adopted a critical peak pricing 
tariff as its default rate for commercial and industrial customers. It should be noted that dynamic pricing 
does not include time-of-use programs, which set rates for particular blocks of time during the day, but 
are otherwise static.  
4.2.1.3 Emergency Load Curtailment (ELC) 
The quick-response functionality of EVs indicates they are particularly well suited to provide reliability-
based DR through the emergency load curtailment (ELC) of charging. Moreover, the mechanisms 
associated with this service charging are expected to be relatively simple and inexpensive to implement, 
increasing the likelihood that ELC will be one of the earliest DR-EV to reach the market. For the 
purposes of this report, ELC is not being considered as it is an emergency service, not a market-based 
ancillary service.  
4.2.2 Drivers of DR-EV 
Since FERC advocated for the widespread adoption of DR in the Energy Policy Act of 2005 (EPAct 
2005), a variety of policy, market, and technology innovations have sought to unlock the DR market. The 
size and scope of DR programs are expected to increase substantially over the next decade, particularly in 
regards to the residential market, which is expected to include EVs.  
4.2.2.1 Smart Control and Communication Technologies 
Enabling technologies such as advanced metering infrastructure (AMI), home networks, and 
interoperability standards are expanding the number of appliances and systems available to DR. Programs 
have already begun incorporating DR-enabled space heaters, HVAC systems, washing machines, 
dishwashers, pool pumps, and lighting installations into their DR offerings. As the pace of innovation 
quickens and prices fall, policy makers and DR providers hope to apply DR to devices that can manage 
demand and control power flows in and out of storage devices.  
 
Meanwhile, mobile applications are changing the way information is delivered. Although some 
researchers are skeptical that real-time price signals will provide enough financial motivation to drive 
customers to save
xxxiii
, other studies and pilot programs such as California‟s Statewide Pricing Pilot 
indicate that transparent feedback is critical. Moreover, studies have also shown that frequent information 
delivered through interactive tools increases the likelihood of achieving real savings. 
xxxiv
With more than 
half a million smart phones sold every day, consumers are increasingly using powerful handheld 
communications platforms and applications. By transmitting and receiving dynamic information such as 
geography, electricity prices, and usage preferences, these tools are expected to dramatically change the 




Finally, EV load control and aggregation demands sophisticated software and hardware, in addition to on 
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Table 2: Complementary Technologies & Implications 




Affordable broadband and other local communication networks are expected to 
be widely available over the next decade. According to a paper authored by 
Google engineers, many of the networks currently being rolled out by the utilities 






Sophisticated algorithms and communication protocols are required to handle the 






Cheaper and more efficient battery technologies are also essential to enable grid 
applications for EVs. Experts from the IRC and Taratec expect PEV and battery 
manufacturers to limit warranties to normal driving conditions, or a maximum 2-
10 second cycle between charging and non-charging state. For example, in order 
to provide grid services, EVs will most likely require a higher rate of 





Based on the IRC’s assessment of traditional DR products and services, current 
charging infrastructure must improve if EVs are to ever meet market 
requirements
xl
. For example, manufacturers have recommended a maximum 
cycling rate of 15-seconds, while most DR products and services require a faster 
response time
xli
. In addition, charging infrastructure must be able to measure 
customer usage over short intervals to capture dynamic rates and services.  
 
4.2.2.2 Saturation of C&I 
Secondly, the C&I DR market is increasingly saturated. Publicly held DR providers have already tapped 
their largest customers and are constantly seeking additional growth opportunities. The size of the average 
C&I load means these individual users require fewer controls and are cheaper and easier to automate. 
However, as traditional C&I DR systems achieve market saturation, CSPs are expected to target 




The standardization of charging infrastructure such as communication networks, metering and electric 
flow control, and plug interfaces is expended to expedite the use of EVs for grid services
xliii
. In addition, 
any ISO/RTO products will require interoperability standards so that aggregators and balancing 





Since the Energy Policy Act of 2005, FERC has pursued a series of orders, assessments, and reports to 
ensure that DR remains competitive while simultaneously preserving system reliability, the accuracy of 
reliability assessments, and the standardization of reporting and evaluation
1
. Regulators have repeatedly 
                                                     
1
Under the reliability provisions of EPAct 2005 and subsequent rulings, FERC has established the rules governing 
the formation and operation of an independent self-regulatory agency known as the Electric Reliability Organization 
(ERO). As the United States ERO since 2006, the North American Electricity Reliability Council (NERC) has 
sourced, reviewed, and approved the Reliability Standards that govern electric utilities and ensure the reliability of 
the bulk power system. These planning and operating rules must be “just and reasonable, not unduly preferential, 
and in the public interest. ” The NERC Standards Committee, comprised of representatives from across the electric 
industry, submits proposed standards to FERC for final approval.  
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praised the rapid response and capital efficiency of DR while taking steps to ensure that providers of these 
resources are compensated fairly in both wholesale and ancillary service markets. In addition to outlining 
DR scenarios and recommending general policy actions through a National Action Plan on Demand 




FERC Order No. 719 
FERC Order No. 719 attempts to put demand response on par with other resources in ancillary services 
markets and increase the likelihood that DR will be deployed. 
xlvi
In order to comply with the rulemaking, 
ISO/RTOs must: 
 Accept bids from DR in ancillary service markets on a basis comparable to other resources 
 Remove charges normally incurred during system emergencies when buyers in the energy 
markets call on less electricity in the real-time market than purchased in the day-ahead markets 
 Allow aggregators of retail customers to bid DR directly into organized energy markets as an 
agent of the customers 
 Modify market rules to allow the market-clearing price to fluctuate during times of operating-
reserve shortage such that it rebalances supply and demand, maintains reliability, and provides 
sufficient provisions for mitigating market power 
Comparable Treatment 
Most recently, the Commission has taken steps to ensure the comparable treatment of demand resources 
with supply resources in RTO/ISO markets. On March 18, 2010 FERC proposed that ISO/RTOs with DR 
rate provisions must compensate CSPs and other DR providers at the market price for energy in wholesale 
markets at all times. While this ruling does not directly impact the ancillary services markets, it opens the 




Aggregating EVs to provide DR products and services is advantageous for a number of reasons. Firstly, it 
provides certainty. Just as the consumption patterns of individual residents and C&I vary considerably by 
time and customer, the driving patterns of individual drivers fluctuate. Assuming that compatibility 
requirements are met across vehicles, one of the best ways to overcome such variability is to cluster EVs 
into networks of distributed EES assets. In addition, aggregation allows potential aggregators such as 
utilities, automakers, and 3
rd
 party operators to meet minimum requirements for participation in energy 
markets. Finally, aggregation has the potential to drive cost savings through scale efficiencies, particularly 
around the regulatory, administrative, and legal challenges associated with operating modular electricity 
resources such as EVs
xlviii
. This project assumes an aggregator is able to network EVs together by 
coordinating their operation without sacrificing personal convenience.  
4.2.2.6 Low Capacity Factor 
The relatively low capacity factor of EVs for transportation indicates that the majority of vehicles are 
available for secondary functions even during periods of peak usage. Research indicates that primary use 
is limited to just 4%, which leaves 96% of the day for secondary usage. This is in stark contrast to 
traditional generation units, which are defined by much higher capacity factors as a result of their high 
capital costs.  
4.2.2.7 Dispatchable 
Similar to most generation, storage, and load-controlled resources, EVs represent dispatchable load assets 
– energy resources whose output may fluctuate according to real-time control and price signals.  
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4.2.3 Barriers to DR-EV 
4.2.3.1 Shared State and Federal Jurisdiction 
The sharing of jurisdiction between states and federal authorities is a potential problem for DR-EV. Retail 
markets are regulated on a state-by-state basis while wholesale markets and transmission are under FERC 
jurisdiction. Because of this disconnect there are many instances where different regulatory bodies may 
enact opposing policies which prevent the cooperation necessary to make demand response an efficient 
solution
xlix
. This is especially relevant in the EV application since by their nature, vehicles are mobile, can 
cross-regulatory borders, and be charged in different locations. Aggregators and regulatory bodies must 
cooperate in order to overcome these challenges.  
4.2.3.2 Program Design and Network Effects 
Because of the nature of the DR-EV program design, network effects are a potential challenge. As with 
any other network-based service, a critical mass of users is required before any benefits can be derived. If 
there are insufficient numbers of users in each aggregator network, or if the participation rates of the users 
within networks are too low, aggregators may not be able to participate in ancillary service markets. At 
the same time this limits benefits to end users and therefore raises the cost of EVs, further perpetuating a 
negative cycle.  
4.2.3.3 Lack of Sufficient Financial Incentives to Induce Participation 
DR-EV programs will include voluntary participation from end users. In order for DR-EV to be 
successful, aggregators must confer enough financial incentive to their users in order to induce 
participation levels that will produce enough capacity to bid into ancillary service markets. Participation 
in DR-EV reduces costs for users, but also decreases flexibility and convenience in the use of vehicles to 
some extent. In addition, EV owners must weigh the value of potential DR revenues against any negative 
effects on battery life associated with providing such resources. Depending on the cost of operation of 
DR-EV systems, aggregators may or may not be able to offer compelling financial incentives to induce 
necessary participation levels.  
4.2.3.4 Driver Behavior & Uncertainty 
The variability inherent in the operation of EVs is a significant impediment to their participation in the 
electricity markets, which require demand scale and certainty. The idea of range anxiety is particularly 
hard to overcome and forecast. While one driver may be comfortable driving with a low state of charge, 
another may prefer to be at near full charge as often as possible.  
4.2.3.5 Cost 
While many of the automation and communications technologies required for EV-DR may piggy-back on 
existing systems such as WI-FI or utility smart grid build-outs, the sheer cost of aggregation infrastructure 
and implementation may be prohibitive.  
4.2.3.6 Over-Supply of Ancillary Services 
As of 2011, the CAISO market for ancillary services is abundantly over-supplied. According CAISO 
representatives, there is currently ten times the necessary capacity to serve the ancillary service market
l
. A 
market with this level of over-capacity would not usually be considered a favorable business to enter. 
However, DR-EV may be a low cost option as a result of a low marginal cost. For example, it is possible 
that the outlays associated with the installation and operation of EV charging infrastructure may be 
considered towards the cost of providing charging services. DR may simply be an additional service with 
a difficult to determine, but low marginal cost. If this is the case, then it is likely that DR-EV will be cost 
competitive with other ancillary service providers.  
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5 Electric Vehicle Electric Energy Storage (EV-EES) Applications 
5.1 Introduction to EV-EES 
This section covers the various potential applications of Electric Energy Storage (EES) that can 
potentially be provided by electric vehicles. In theory, there are a wide range of grid related applications 
for storage technology. However, due to various reasons – technology, cost, scalability, etc. – storage 
technology is suitable for a small section of these applications. This section of the report attempts to 
describe the various categories of applications, identify selection criteria for their suitability with EV-EES 
and then finally explore the current available market potential for the services deemed suitable.  
 
Table 3: Categories of Energy Storage Applications 
Energy Storage Applications 
Category 1 – Electricity Supply 
1. Electric Energy Time Shift 
2. Electric Supply Capacity 
Category 2 – Ancillary Services 
1. Regulation 
2. Spinning Reserves 
3. Supplemental Reserves 
4. Replacement Reserves 
5. Load Following 
6. Voltage Control 
7. System Control 
8. Real Power Loss Replacement 
Category 3 – Grid System Support 
1. Transmission Support 
2. Transmission & Congestion Relief 
3. Transmission & Distribution Upgrade Deferral 
4. Substation on-site Power 
 
5.1.1 Capacity Applications versus Energy Applications 
When considering grid related applications for storage, it is important to distinguish between the so-called 
energy applications and capacity applications. The nature of these two application segments presents very 
different costs structures to potential service providers and regulatory implications for utilities.  
 
Energy Applications: This typically involves the storage of a significant amount of energy by the 
EES system. This stored energy offsets energy that would otherwise need to be purchased from and 
generated by the grid. Due to the nature of these applications, service providers need to account for 
costs due to energy losses from storage, EES degradation costs and the cost of energy consumed 
when charging the EES system. Investor Owned Utilities treat purchases or generation of energy as 
an expense, which under the revenue requirement regulatory structure should be passed on to 
consumers directly without any mark-up.  
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Capacity Applications: Here, the presence of EES systems decreases, by some amount, the 
addition of generation and transmission capacity for an investor owned utility. In other words, the 
presence of the EES system alone is a form of service that enables utilities to avoid capacity 
additions. Since significant amounts of energy are not transferred during the provision of these 
services, providers do not need to worry as much about degradation costs or energy losses. And 
more importantly, capacity additions are treated as an investment, off which utilities are allowed to 
earn a rate of return (profit). In theory, this allows service providers some pricing flexibility when 
providing these services.  
 
5.2 Categories of EES applications 
5.2.1 Electricity Supply 
5.2.1.1 Electric Energy Time-shift 
This application involves purchasing electricity when prices are low, typically during periods of low 
demand, and selling the charged energy when prices are more favorable. According to current regulations, 
both utility and non-utility merchants can engage in this service provision. As Figure 4 indicates, intra-
day electricity prices can vary significantly – sometimes by as much as 400%. Service providers can take 
advantage of these large price swings to charge their EES systems when prices are low (say at 5AM) and 
then sell this energy back to the grid when prices are higher (say at 5 PM).  
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However, as this becomes more prevalent in the long run, prices will gradually begin to level out between 
the high demand and low demand periods. As this is a typical energy application, service providers will 
need to consider charging electricity, storage loss and degradation costs when making provisioning 
decisions.  
5.2.1.2 Electric Supply Capacity 
EES could be used to defer and/or reduce the need to purchase new generating capacity in wholesale 
electricity markets. In the United States, most generating plants that are used for peaking purposes are 
natural gas fired combined-cycle power plants. Utilities pass these capacity addition costs on to 
consumers by allocating them to each unit of energy generated. These allocated costs depend on the 
nature of capacity being added, and are broadly categorized into installation and fixed operations and 
maintenance costs.  
 
More often than not, these peak load plants are left idle because their operation costs are higher than for 
base load generation sources such as coal and nuclear. These plants are operated only during peak 
demand, when electricity prices are high enough to support a positive marginal contribution from their 
operation. As seen below in Figure 5, peak load plants are economically feasible only when the price of 
electricity is greater than $42 per MWh. When the price of electricity drops below this level (as a result of 
falling demand), these plants are idled and amount to excess generating capacity on the grid.  
 
Figure 5: Variable Generation Costs by Unit Typelii 2 
 
* Denotes critical peak plant 
 
EES systems can reduce the need for peaking plants by providing previously stored electricity during 
periods of high demand. Consequently, utilities and power generators can reduce the fixed cost they incur 
                                                     
2
 Brattle Group unit-specific data, Michigan team Analysis; includes Variable Operating & Maintenance Costs and 
Fuel Costs in real 2010 USD. Fuel costs ($/MMBtu): Coal – 1.63, Natural Gas – 5.82, Oil – 10.59, Biomass – 1.95, 
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when building out peak capacity. This is a typical capacity application, where service providers are 
compensated for every unit of excess capacity they take off the grid for the specified period of time.  
5.2.2 Ancillary Services 
5.2.2.1 Regulatory Background 
In 1996, the Federal Energy Regulatory Commission’s (FERC’s) landmark decision (Order no. 888) to 
functionally separate generation and transmission exposed the array of bulk-power functions called 
ancillary services. Unbundling these two functions did not create the services themselves, as investor 
owned utilities had to provide these services in order to maintain the stability of the grid. However, in the 
wake of the decision, customers paid a single rate for both electricity and ancillary services, as opposed to 
before when the price of ancillary services was coupled with the cost of producing electricity. FERC 
determined that this vertically integrated structure where utilities were responsible for generation, 
transmission and distribution resulted in a higher cost of electricity to the consumer. Theoretically, 
unbundling these different functions and employing a market-based mechanism to provide these services 
would lower the cost of electricity to the consumer and reduce price volatility.  
 
Figure 6: Retail Price of Electricity in the United States (1960 – 2008)liii 3 
 
As Figure 6 shows, after the order was passed in 1996, the retail price for electricity has fluctuated, but 
the volatility is markedly lower
4
. Also, studies have suggested that in aggregate, the prices of ancillary 
services are highly correlated with the price of electricity. This suggests that the embedded-cost tariffs 
that were being used by the utilities before Order-888 did not properly account for the costs incurred in 
providing these services
liv
. Thus, unbundling them and allowing efficient markets to provide them should 
set prices more accurately.  
5.2.2.2 Introduction to Ancillary Services 
The Federal Energy Regulatory Commission defines ancillary services as those “necessary to support the 
                                                     
3
 All values in constant 2005 USD 
4
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transmission of electric power from seller to purchaser given the obligations of control areas and 
transmitting utilities within those control areas to maintain reliable operations of the interconnected 
transmission system”
lv
. In other words, they are the activities and functions that enable the produced 
electricity to reach end consumers reliably.  
 
According to research by the Oak Ridge National Laboratory, these services cost consumers 
approximately $12 billion per year at an approximate price of $4/MWh. Given the increase in annual 
generation and accounting for the increase in the general price of electricity itself, our team estimates that 
the ancillary services market for the United States was worth approximately $20 billion at the end of 
2008, most of which was provided by typical generator-type sources.  
 
Figure 7: Projected Ancillary Services Market and Breakdownlvi 5 
 
5.2.2.3 Description of Ancillary Services  
 
As  
Figure 7 shows, ancillary services can be broadly classified into the following categories. 
Load following 
Load following is the use of online generation equipment to track the Inter–hour changes in customer 
loads
lvii
. Unlike minute-to-minute fluctuations, which are generally uncorrelated among customers, the 
hourly and diurnal changes in customer loads are generally correlated with each other.  
Frequency regulation 
Frequency Regulation (often called Regulation) is the use of online generating units that are equipped 
with governors and automatic generation control (AGC) and that can change output quickly (MW/minute) 
to track the moment-to-moment fluctuations in customer loads and unintended fluctuations in 
generation
lviii
. In so doing, regulation (along with spinning reserve) helps to maintain interconnection 
frequency, minimize differences between actual and scheduled power flows between control areas, and 
match generation to load within the control area. This service can be provided by any appropriately 
equipped generator that is connected to the grid and electrically close enough to the local control area that 
physical and economic transmission limitations do not prevent the importation of this power. This is 
called extremely often (400 times per day). Of critical importance, is the “dispatch–to–contract ratio” 
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which measures the amount of energy dispatched to the (contracted capacity * duration in hours). That is 
empirically found to be 0.08 – 0.10.  
Spinning Reserves 
Spinning reserve is the use of generating equipment that is online and synchronized to the grid that can 
begin to increase output immediately in response to changes in interconnection frequency and that can be 
fully available within ten minutes to correct for generation/load imbalances caused by generation or 
transmission outages
lix
. Most “calls” to the spinning reserve systems are between the duration of 10 
minutes to two hrs. Contracts limit the number of calls to typically around 20 per year.  
Non-Spinning 
Supplemental reserve is the use of generating equipment and interruptible load that can be fully available 
within ten minutes to correct for generation/ load imbalances caused by generation or transmission 
outages
lx
. Supplemental reserve differs from spinning reserve only in that supplemental reserve need not 
begin responding to an outage immediately. This service may also include replacement reserves, the 
provision of additional generating capacity that must be fully available within thirty or sixty minutes (the 
exact time depends on the rules of the regional reliability council) and can then be maintained until 
commercial arrangements can be made (e.g., for two hours) to “back up” the normal supply for the load 
(operating reserves).  
 
The primary cost for these reserves is traditionally the opportunity cost of holding some generating 
capacity off the market and available for emergency use. Given that the units providing these reserves 
need not be operating (as with spinning reserve), their costs would normally be less than that for spinning 
reserves. If the spinning reserve market clears first, however, it may use the cheapest resources. 
Supplemental and replacement reserves might then be more expensive, in a competitive market, than 
spinning reserves. The charges for operating reserves, both spinning and supplemental, will reflect 
primarily the capacity assigned to these services each hour, captured in a $/MW-hour charge.  
Voltage control 
Voltage control is the use of generating and transmission-system equipment to inject or absorb reactive 
power to maintain voltages on the transmission system within required ranges
lxi
. FERC decided that the 
costs of voltage control provided by transmission equipment [e.g., through capacitors, tap-changing 
transformers, condensers, reactors, and static VAR compensators (SVCs)] should be incorporated into the 
basic transmission tariffs, and not charged for separately. FERC decided that voltage control provided by 
generators should be a separate service. (In general, generators can change their production and 
absorption of reactive power much more rapidly than can transmission-related voltage-control 
equipment). Because reactive-power losses are much greater than real-power losses, voltage-control 
equipment must generally be dispersed throughout the system and located close to where the voltage 
support is needed.  
Real Power Loss Replacement 
Real-power-loss replacement is the real-time provision of energy and capacity to compensate for losses in 
the transmission system. As with energy imbalance, the cost factors for loss replacement are the same as 
those for the basic energy service. Loss replacement will also likely be priced in $/MWh and charged on 
the basis of the current hourly spot-market price with the amount of service consumed computed hourly.  
 
In the next section, we will discuss the various selection criteria employed to filter this list of services to 
determine which are most suited to be provided by storage devices in a distributed network of EVs.  
5.2.2.4 Selection criteria for compatibility with EV EES 
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While most ancillary services can theoretically be provided for by storage, those that can be provided 
successfully by EV EES are far more limited. Based on research conducted by NREL and interview with 
subject matter experts, the team has developed a set of criteria with which to filter the list of services that 
can be successfully provided by EV EES. They are: 
 Supply Duration 
 Directional Shifts 
 Response Rate 
 Service Duty 
Supply Duration  
This is the period of time for which the service is called on at every instance. Depending on the service, it 
ranges from a few minutes to a more than ten hours. Most EV EES resources are expected to be variants 
of the Lithium-Ion (Li-Ion) technology. While there may be some cases of Nickel-Metal-Hydride (NiMH) 
batteries used in traditional grid-free hybrid vehicles, they are slowly being phased out due to their low 
energy density and high cost. Lithium-Ion is significantly more energy-dense than the other technologies 
available, but it is also one of the most expensive. Thus, services that have a large supply duration require 
larger Li-Ion batteries (due to the longer energy drain), which in turn drive costs higher. Supply durations 
ranging from a few minutes to a few hours are ideal for EV EES.  
Directional Shifts 
 Both, electricity supply and demand, shifts are bi-directional. That is, loads ramp up and down depending 
on consumer usage, and supply ramps up and down depending on generator performance, outage and 
utilization. Some services are extremely volatile, undergoing shifts in both directions rapidly (multiple 
times within a minute). Other services ramp in only a single direction for prolonged periods of time (few 
hours). To minimize asset degradation during bi-directional shifts, short and volatile services are more 
suited to EV EES. Unidirectional shifts for long periods of time are not particularly suited to EV EES due 
to the degradation effects on the assets. The results are summarized in Figure 8.  
 
Figure 8: Directional Shift Suitability of EV EES 
  Frequency of Shifts 











t Up  Yes No  
Down  Yes Yes  
 
Response Rate 
This is the time within which the resource providing the ancillary service needs to initiate service. 
Depending on the nature of the event, response times for various ancillary services range from less than 
one minute up to one hour. The base response rate requirements for the services are set by the Federal 
Energy Regulatory Commission. Local Independent System Operators add regional requirements 
depending on region-specific characteristics such as generation mix, outage frequency, etc. Traditional 
providers of ancillary services need fairly long ramp up times. In order to provide the rapid response 
services, generators tend to keep plants idling but operational so that they can ramp up rapidly in the case 
of an emergency. This increases costs due to continued fuel consumption even though the service is not 
being actively demanded. However, the advantage that EV EES provides is that it can ramp up or down 
rapidly without requiring to be idled, thereby potentially providing higher response times at reduced costs.  
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Service duty refers to the nature of consumption of the ancillary services. Some service such as Spinning 
and Supplemental Reserves, are called on only in the case of a previously unforeseen event – a plant 
outage or a sudden unplanned increase in load. Other services such as Regulation and Voltage Control are 
required virtually around the clock. While EV EES can technically provide both services, it is more suited 
to intermittent services that enable the asset to be charged while it is not providing the service.  
 
5.2.2.5 Suitability of EV EES to Ancillary Services  
Applying the four criteria outlined above to the list of ancillary services, the team has determined that 
there are primarily four ancillary services that can have high potential for provision by EV EES. These 
results have been verified qualitatively by experts from organizations such as ORNL and EPRI.  
 












(Frequency) Regulation 10–15 min High <1 min Continuous Yes 
Spinning Reserves 10 min–2 hours Low <10 min Intermittent Yes 
Supplemental Reserves 10 min–2 hours Low <10 min Intermittent Yes 
Replacement Reserves 2 hours Low <30 min Intermittent Yes 
Voltage Control - - - - No 
Load Following 1–10 hours Medium <1 hour Intermittent No 
System Control NA NA NA Continuous No 
Real Power Loss Replacement 1–10 hours Low <10 min Continuous No 
5.2.3 DR-EV Ancillary Services 
Just as AMI is expected to open the residential market to DR, smart-charging infrastructure promises to 
expand load-shedding capabilities to include EVs. Aggregators will assume the role of CSP to suspend 
charging across a network of vehicles based on consumer usage, preferences, and location – providing the 
certainty to handle an emergency or meet demand for ancillary services.  
5.3 Grid System Support 
Energy storage can be used in a number of applications in support of the transmission grid. Broad 
categories of storage include transmission support, transmission congestion relief, transmission and 
distribution upgrade deferral, and substation on-site power. In theory, with large number of electric 
vehicles being aggregated and managed, it may technically be possible to supply these services with DR-
EV. However, because the necessary penetration rates are not likely within the scope of this report, and 
because there is no current regulatory mechanism for DR-EV to participate in these markets, they have 
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6 Notable Developments Affecting Prospects for EV EES 
6.1 Renewable Energy and the Electric Grid 
In recent years there has been much study and speculation about how the increase penetration of 
intermittent renewables will affect the operation and stability of the electricity grid. While EVs do not 
directly interact with renewable energy resources, one of the goals of this study is to examine the energy 
delivery system as a whole and investigate the possible influences that EVs and renewables may have on 
each other. In order to introduce and illustrate the conditions under which these two may affect each 
other, this section will briefly review the drivers and effects of renewable energy on the grid.  
6.1.1 Drivers of Renewable Energy 
6.1.1.1 Cost 
Due to the extremely complex nature of the energy business, many factors are considered when 
determining what type of generation a particular producer will invest in. However, one of the key drivers 
of these decisions is cost. Because different generating technologies vary widely in terms of initial capital 
costs, fuel costs, and operation and management costs, many managers use the Levelized Cost of 
Electricity (LCOE) method in order to obtain an apples-to-apples comparison.  
6.1.1.2 Levelized Cost of Electricity 
The levelized cost of electricity (LCOE) is generally viewed as an accurate measure of competitiveness 
among different generating technologies. The LCOE for a given technology represents the present value 
of the construction and operation of an energy-producing asset over its total useful life. The LCOE 
includes overnight capital costs, fuel costs, fixed and variable operation and maintenance costs, and is 
based on a utilization rate specific to each asset. It should be noted that some inputs such as fuel costs 
must be estimated during these calculations, and are subject to commodity price fluctuations that can alter 
competitiveness of a given technology. In addition, various incentives and subsidies are available for 
renewable and other technologies that are not taken into account in these calculations. LCOE, along with 
other factors such as projected utilization rate, existing resource mix, capacity values, and portfolio 
diversification are taken into account when making investment decisions.  
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Table 5: Levelized Cost of Energy 
 
 
On a levelized-cost basis traditional technologies are more competitive than most renewable sources, 
particularly intermittent sources such as solar and wind. Excluding hydro (which is not an intermittent 
source), wind is by far the most cost competitive renewable energy source. Despite their lack of cost 
competitiveness, solar and wind installations are steady being built across the US. This is due to other 
considerations, the most import of which being regulatory policy.  
6.1.1.3 Renewable Energy Regulatory Policy 
The electric utilities industry is one that has historically had tremendous influence and oversight from 
regulatory bodies at the Federal, State and Municipal levels. This continues to be the case today. In the 
case of renewable energy, regulatory policy has almost complete control over the rate at which new 
technologies are integrated into generation portfolios. As we have seen above, renewable technologies 
cannot currently compete with traditional technologies on price alone. Policy is therefore perhaps the 
single most important driver of renewable in the US today and for the next five to ten years, or until the 
cost of renewable energy becomes competitive with traditional technologies.  
6.1.1.4 Renewable Portfolio Standards 
A key driver of renewable energy adoption from the state level is the renewable portfolio standard (RPS). 
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North Dakota 10% by 2015 voluntary
Oklahoma 15% by 2015 voluntary
South Dakota 10% by 2015 voluntary
Utah 20% by 2025 voluntary
Vermont 20% by 2015 voluntary
Virginia 15% by 2025 voluntary







































































The differences in RPSs across states 
represent different goals and objectives of 
lawmakers. This is a result of many factors 
including differences in priorities as well as 
regional variations in resources and climate. 
Overall, RPS is generally used to define 
minimum renewable resources be used for a 
specified portion of electricity generation, 
subject to requirements such as timing, 
technology and resources, and other policies. 
These standards are key drivers of renewables 
because they influence investor confidence. 
Strong RPS policies allow developers and 
investors to recover their capital investments 
and result in the development of strong 
markets.  
Federal RPS 
Currently there is no federal RPS in place. 
However, in recent years there have been 
several proposals by lawmakers to enact 
legislation that would mandate a renewable 
energy policy across the entire country. While 
many states have already enacted legislation 
to require renewable generation above what is 
proposed at the federal level, a federal RPS is 
generally seen by advocates as the only 
effective way of requiring non-participating 
states to incorporate renewables into their 
portfolios. Such legislation is unpopular in 
many areas and may be extremely difficult to 
pass due to perceived inequities such as 
differing renewable resources by geographical 
area.  
6.1.1.5 Renewable Energy 
Credits 
Renewable Energy Credits (REC) are tools to 
represent the attributes of renewable energy 
generation that have inherent value that is 
separate from the actual commodity 
electricity. They are used both in the 
voluntary and compliance markets. As rules 
and regulations vary by state and region, they 
may also be known as renewable energy 
credits, green tags, or tradable renewable 
energy certificates. The main function of 
RECs is to monetize the value of attributes separately from the electricity. Doing so helps to mitigate 
challenges with intermittency and load matching. This separation allows RECs to avoid transmission 
constraints of electricity and creates markets where they can be traded and sold across geographic 
boundaries without losses that would have been associated with transmission over long distances. In 
Table 6: RPS by State 
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addition, they allow consumers to choose to support renewable energy even if their providers don‟t offer 
it as an option. 
lxv
 
6.2 California Focus 
Based on the RPS table and the variable nature of renewable markets across the US, it is clear that there is 
no single way to characterize the renewable adoption portfolio of the country as a whole. Of all states and 
ISO/RTO‟s across the nation, California is by far the leader in terms of favorable regulatory environment 
for the adoption of renewable energy
lxvi
. As of 2009, the state had nearly 14% of its generation produced 
from renewable sources. Of all the states it also has the most aggressive RPS of 33% by 2020. Because 
California and its regulatory bodies have historically been on the cutting edge of energy policy, and 
because it is by far the most progressive in this area, it is clear that the issues that this report focuses on 
will first manifest themselves in California. From an intermittent renewable perspective, it is the only 
state that has begun to seriously consider the consequences of high penetration rates and their 
implications for the grid. This report will therefore focus on the California market and regulatory 
environment.  
6.2.1 Integration Effects on the Grid  
As of 2010, approximately 14% of California‟s generation was being produced from renewable 
sources
lxvii
. In order to meet the 2020 California RPS goal of 33%, total generation from renewable needs 
to more than double. Based on technology costs and resource availability, it is likely that most of this 
generation will be supplied by a combination of wind and solar energy. The variability of these sources is 
by far the greatest of all available renewables. The resulting variable generation from these resources is 




1. The magnitude of hourly overall ramping requirements 
2. Intra-hour variability 
3. Over-generation issues (particularly wind) 
4. Large, near-instantaneous production ramps (particularly solar) 
These challenges are the product of both the wind and solar components of the forecasted portfolio. Each 
technology has specific advantages and disadvantages with regard to their variability and load profiles.  
Fuel Type In-State Generation (GWh) Percent of California In-State Power 
Coal 3,735 1.8%
Large Hydro 25,094 12.2%











2009 California In-State Power Generation
Table 7: 2009 California In-State Power Generation Mix 
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As a relatively low cost source of renewable energy, wind is the largest component in most renewable 
portfolios. According to CAISO, wind is very likely to continue to be the dominant source of renewable 




As the amount of wind energy on the grid increases, so does the variability that it causes. Generally 
speaking, wind tends to blow stronger during the night than during the daytime hours. It also has 
significant variation from day-to-day, as well as season-to-season. See Appendix 3: Renewables Profiles 
and Forecast 
 
Figure 29 for a profile of typical wind loads. Interestingly, variability over large areas (e. g. entire state 
footprints) may not significantly increase with increased renewable penetration because of the impact of 
temporal averaging, geographic diversity and wide‐area aggregation. However, on the local and regional 
levels the added variability can range from minor to extreme. Even with temporal and spatial averaging, 
little or no increase in overall variability does not eliminate the extreme outliers on the tails of the 
distribution, which are the hours that tend to create the most operational challenges.  
6.2.1.3 Forecasting 
The variable nature of wind naturally calls for an increase in forecasting capabilities of utilities and 
regulators. On the load side, even with extremely precise weather forecasts, small variations in weather 
temperature can cause massive swings in load. On the supply side, despite recent improvements in 
forecasting capabilities, the average day ahead forecasting error for wind is approximately 20%
lxx
. In fact, 
some system operators will ignore renewables, particularly wind, in the day‐ahead operation due to the 
lack of confidence in the forecast
lxxi
. These two margins combine to cause a significantly increased need 
for flexibility in resources. These inaccuracies compromise reliability, increase operating costs, and 
require greater ancillary service procurement.  
6.2.1.4 Wind Over-Generation 
Wind over-generation is a phenomenon that occurs when the electricity that is being generated exceeds 
the load and cannot be reduced. Often this results when weather fluctuates in a region with heavy wind 
resources and causes sudden increase in wind turbine sourced energy on the market. Because wind 
generators qualify for production tax credits they are always incentivized to produce energy no matter 
how low the current market rate of electricity may be. The situation can often be exacerbated because 
these conditions tend to happen in the night hours when demand for electricity tends to be low.  
6.2.1.5 Solar 
Solar energy is generally broken out into two categories: distributed and utility scale. Distributed systems 
are generally solar photovoltaic (PV) systems that tend to be smaller and regionally located. Utility scale 
solar generation includes PV, concentrated solar, as well as solar thermal installations. Though distributed 
solar is generally not considered to cause as many integration problems due to its distributed nature, in 
fact it can cause problems similar to those of utility scale. In addition, both types of solar suffer from 
some of the same challenges of wind, namely intermittency and forecasting difficulties.  
 
However, the main challenge across all types of solar is large nearly instantaneous ramps caused by 
fluctuations in cloud cover. In general, solar production follows demand since it peaks during the middle 
of the day. However with increasing penetration of solar in the grid it is possible to experience a change 
in output of +/- 50% over 90 seconds and up to +/-70% in five to 10 minutes
lxxii
. Because of its high cost 
relative to wind, solar energy is generally predicted to account for approximately 15% of the total 
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renewable portfolio. For example, if a given region has 35% renewables, 5% will be solar with the rest 
being sourced from wind.  
6.2.1.6 Mix of Wind and Solar 
From a variability perspective, in many cases it appears that regions which include both wind and solar 
are better off than those including large amounts of a single resource. With the varying load production 
profiles of wind and, the two resources can often complement each other because they peak at different 
times of the day. Specifically, solar peaks near the middle of the day, while wind tends to peak during the 
evening or night time hours. However, at the same time it is also possible for areas to experience 
situations where the two are not complementary such as when wind ramps down before solar ramps up. 
As with all intermittent resources, it is difficult to predict when these conditions will occur. Furthermore, 
additional complexity is added to the balancing challenge as geographical locations and the 
distributed/non-distributed nature of the resources must be considered as well.  
6.2.2 Implications on the Grid / Ancillary Services 
Because of the complex nature of the electricity grid, variability from region to region, differing policies 
and structures of various regulatory bodies, and intermittent nature of wind and solar; to date there do not 
exist any studies that have been able to quantify the relationship between the increased solar and wind 
penetration in the grid and the amount of ancillary services necessary to support them. Experts do agree, 
however, that a positive correlation does exist and that each region must manage it on a case-by-case 
basis. One approximation for the baseline required spinning reserves for a given area is three percent of 
total load. Recent reports, such as the 2010 NREL Western Wind and Solar Integration study, suggest one 
possible strategy where in addition to the baseline requirement for ancillary services, spinning reserve 
requirements should be increased proportional to the day-ahead wind forecast. However, in high wind 
hours the necessary increases would be on the order of 25% of the wind forecast. This would be an 
expensive strategy.  
6.2.2.1 The 3+5 Rule 
In general, there is no commonly accepted quantitative rule for maintaining reserves to handle increased 
load variability. However, the NREL report referenced above explores a simple and somewhat 
conservative heuristic rule: 3% of load plus 5% of forecasted wind. This means that in addition to the 
normal ancillary services requirement of 3% of load, 5% of actual or short‐term forecasted wind 
generation (not 5% of installed nameplate MW) governs the commitment of additional reserves. The 
study claims that while outliers always exist, the 3+5 rule usually provides the necessary coverage. It is 
conservative at the study footprint level, i.e. assuming control areas cooperate for intra-hour balancing. In 
contrast, the performance of individual areas ranges from good coverage of the reserve requirements to 
frequent violations. This suggests that in practice, customized reserve rules for individual areas are likely 
to be necessary. As our revenue analysis shows, we have made conservative projections as to the total 
future demand for ancillary services, around which we will demonstrate sensitivity analysis. This 3+5 rule 
will be used as a proxy in our analysis.  
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7 Electric Vehicle Adoption 
Many organizations, including consultants, banks, and OEM vehicle manufacturers have produced studies 
in the last few years that forecast the adoption of electric vehicles domestically and globally. Not 
surprisingly, these estimates vary widely based on assumptions and intended purpose.  
 
Many organizations - including vehicle OEMs, banks, consultants, and research organizations - have 
recently published reports that project the domestic and global adoption of electric vehicles over the next 
five to ten years. These forecasts are highly sensitive to a host of important drivers, including assumptions 
related to the future of fossil fuel price volatility, demand for vehicle ownership, consumer appetite for 
range limitation, Li-ion battery technology and costs, population growth, and availability of EV support 
infrastructure, to name just a few.  
 








7.1 EV Adoption Drivers and Barriers 
While there are a number of potential factors that will impact EV adoption in the US, the following are of 
critical importance: 
 
 Stability of grid infrastructure: as currently configured, the US electric grid cannot handle 
transmission and distribution of the volume of energy that will be required by a sudden mass 
adoption of EVs by consumers. This problem is particularly acute at the street and individual 
home level of the grid. For example, some physical grid components are designed to cool off 
during evening hours to prevent breakage caused by overheating during the day. Because much of 
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the appeal of an electric vehicle is the ability to charge it at home, utilities and regulators must 





 Sales Price: As with any other large and expensive consumer purchase, cost will play an 
important role in the speed of EV adoption in the US. Currently, a significant percentage of the 
total manufacturing cost for electric vehicles is contained in the battery itself. Technological 
improvements and economies of scale will continue to improve battery quality while reducing 
production costs; however, it is unclear how fast these advances will occur. Moreover, many 
studies indicate that early adopters of EVs will incur first-mover cost penalties relative to 
conventional ICE hybrid vehicles, even if cost reductions in lithium batteries occur as forecast. 
Financial incentives, including various federal and state tax credits, will reduce the overall cost to 
consumers and therefore will encourage faster EV adoption rates.  
 
 Fossil Fuel price level and volatility: At the current average prices of oil and electricity in the 
US, the lifetime total cost of ownership for EVs is greater than equivalently sized ICE vehicles. 
However, industry analysts have predicted that when gasoline prices reach just over $5/gallon, 
electric vehicles will cost less than ICE vehicles to own and operate. While a break-even point for 
gasoline price varies based on other factors such as cost of electricity, government rebates, and 
battery technology, our conclusion remains the same: as gasoline prices increase it will make 
increasing economic sense for consumers to make the switch to electric vehicles, which may lead 




Based on these and the numerous other factors that can impact the economic case for electric vehicles, 
tremendous uncertainty exists with regard to the speed of EV penetration. However, because of this 
uncertainty, any additional value that can be generated by EV-DR can only help improve the economic 
value proposition for EVs and will therefore help speed adoption.  
  
  Better Place Master’s Project Team 
DR-EV Ancillary Services Study 
 
38 
8 DR-EV Ancillary Services Revenue Opportunity 
8.1 Introduction to Revenue Model 
The Demand Response Electric Vehicle (DR-EV) model attempts to project the demand for ancillary 
services and potential revenue opportunity for aggregators that provide these services (Figure 10). The 
model uses extrapolation and discrete summation techniques implemented by Visual Basic macros to 
execute the simulation. While this specific version of the model is limited to the California Region, it can 
be extrapolated to other regions of the United States by using locally specific data. The data required for 
the model is tracked by most, if not all, Independent System Operators and should be easily available. 
Primary sources for all non EV-specific data were the California ISO, US Energy Information 
Administration, and The National Household Travel Survey. The model is designed to generate 
projections from year 2011 to year 2030, and provides projections for all the primary ancillary services. It 
should be noted however, that there is significant ambiguity over the nomenclature for certain ancillary 
services. However federal oversight through the Federal Energy Regulatory Commission ensures that the 
underlying definitions of these four ancillary services are consistent across various ISOs.  
 
 
Figure 10: Outline of DR-EV Ancillary Services Model 
 
 
The advantages of our model are: 
 Easy to use 
 Use of Visual Basic allows easy enhancements 
 Simple and easily available inputs 
 Straightforward financial outputs by year 
 Allows highly tailored inputs 
 Provides aggregate output and hourly level output 
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However, as with all models, ours too suffers from certain limitations. The most significant ones are: 
 Prices used are 2010 hourly prices 
 Does not differentiate between BEVs and PHEVs 
 Only covers four ancillary services 
 Significant uncertainty in certain inputs (e. g. EV penetration rates) 
 Does not account for change in generation mix 
8.1.1 Technology assumptions 
8.1.1.1 Charge Rate 
The model assumes that the energy rating supported by EV-chargers is 19.2 kW-h. This is the accepted 
standard across the industry for a Level-II charger (J1772)
lxxvi
. However, since this is also an input 
variable, future developments can be accounted for by changing this input variable accordingly at the time 
of use of the model.  
8.1.1.2 Recharge Profile of Discharged Batteries 
The model assumes that EV batteries that have been discharged (partially or completely) due to vehicle 
use are recharged linearly in time
6
 so that the vehicle is fully charged by the time of the next trip. Also, it 
is assumed that the aggregator can vary the rate of charge instantaneously by controlling the flow of 
current through the charging station. Finally, we have also assumed that demand response technology 
being absent, drivers would like their cars charged at the fastest rate possible.  
8.1.1.3 Generating Mix is Constant 
The projections for ancillary services do not account for a changing generating mix in California. Also, 
since the current state of research has not identified a clearly quantifiable relationship between Ancillary 
Services and generating mix, we have not included this as an input parameter. In other words, the hourly 
generating mix for 2010 was assumed to stay constant going forward. This assumption forces our 
projections to be on the conservative side as increased renewable penetration will increase the demand for 
ancillary services. However, the relationship is not readily quantifiable due to the wide range of factors 
affecting this relationship and the significant variation in these factors from region to region.  
8.1.1.4 EV Energy Efficiency 
Our model assumes an energy efficiency of 3 miles/kWh. This number was determined through the 
secondary research that our team conducted and by looking at the energy efficiency of currently available 
EVs such as the GM Volt, Nissan Leaf and the Tesla Roadster (Figure 11)
7
. Since this assumption is an 
input variable, future improvements in EV drive-train technology can be accounted for by varying the 
relevant input variables.  
 
                                                     
6
 The team concluded that on average, drivers will be indifferent to the actual charging pattern over time as long as 
the vehicle is charged fully by the time the vehicle is needed again. As a result, to simplify modeling 
requirements, the team assumed a linear recharge profile.  
7
 Current Energy Efficiency of vehicles 
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Figure 11: Energy Efficiency of Battery Electric Vehicleslxxvii  
 
 
8.1.2 Market assumptions 
8.1.2.1 Constant 2010 Prices 
The team has not attempted to project future prices for Ancillary Services. This is due to the fact that 
Ancillary Service prices in California have varied significantly in previous years, decreasing by as much 
as 55% from 2005 to 2009 for certain services (Figure 12). Our team does not believe that this is a 
sustainable trend. And due to the fact that there is limited pricing data available (few years) and there is 
high variability on an hourly basis, we have decided against projecting future prices. Instead, hourly 
Ancillary Service prices for year 2010 have been used as an hourly constant for future years.  
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The model employs five sets of input variables: 
 Projection Timeline 
 Car Energy Efficiency 
 Maximum Charge Rate 
 Range Anxiety 
 EV Penetration Rate 
 
While the model is preset with certain default values for California, users may modify these values as 
desired (Figure 14).  
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8.2.1.1 Projection Timeline (years) 
The model can project information from year 2011 up to year 2030. Projections beyond 2030 are 
extremely uncertain and all of the relevant technologies are at such a nascent stage currently that 
projections beyond 2030 will be extremely unreliable.  
8.2.1.2 Car Energy Efficiency (miles/kWh) 
This is the distance that the EV can travel on a single kilowatt-hour expressed in the form of miles/kWh. 
While the team has assumed a default value of 3.04 miles/kWh, the user of the model is free to change 
this (and the trend for future years) as he/she sees fit
lxxx
.  
8.2.1.3 Maximum Charge Rate (kWh) 
The model assumes a constant maximum charge rate of 19.2 kW-h
8
. As explained above, this is the rate 
of the generally accepted industry standard for EV chargers – SAE J1772. While this is the default value, 
the user of the model is free to change this (and the trend for future years) as he/she sees fit.  
8.2.1.4 Range Anxiety (miles) 
Given that drivers will be risk averse to ensure that they have a charged car for their driving needs, we 
have decided to include a variable to account for this. This is to be interpreted as the number of miles of 
buffer that an average driver will want the aggregator to maintain when adjusting the charge rates and 





Figure 15: Implementation of Range Anxiety 
 
8.2.2 EV Adoption Forecast 
The aggregation of mass-adopted EVs represents a significant amount of DR capability. However, as 
demonstrated in Figure 9, present day forecasts of EV adoption rates in 2020 vary significantly based on 
assumptions about the impact of various adoption drivers and barriers. Therefore, in an effort to capture 
the impacts of the various assumptions made in forecasting EV adoption, this model will consider 
                                                     
8
 The default settings of the model include a CAGR of 2.5%. However, for the scenarios executed, our team set the 

















  Better Place Master’s Project Team 
DR-EV Ancillary Services Study 
 
43 
multiple EV adoption scenarios – Low, Medium, and High - based on data from what we consider to be 
representative forecasts of each scenario. See Figure 16 below for a visual representation of these 
scenarios.  
 
Figure 16: High, Medium, and Low California EV Forecast Scenarios 
 
 
These scenarios were generated by applying several assumptions to data collected during the course of 
our research. While we believe that the assumptions made as part of this exercise are reasonable, the 
project team does not take a position on which scenario(s) is/are more or less likely to occur. These 
scenarios are intended to be used as illustrative, rather than predictive, examples of EV adoption trends 
over the next 20 years based on the variety of forecasts currently available. See Appendix 4: Results of 
EV Scenario Forecastingfor full results from our scenario forecasting.  
8.2.2.1 General EV Adoption Assumptions for Model 
In order to convert published global and national EV forecasts into the appropriate input format for the 
model, the project team made several assumptions (outlined below): 
 
General EV Adoption Assumptions: 
1. Total Domestic Vehicle registrations 2010-2030: Using historical growth trend data from 
Bureau of Transportation Statistics (BTS) from 1990-2008, we made assumptions regarding the 
total number of domestic vehicle registrations from 2011-2030
lxxxii
.  
2. New Vehicle Sales: Using data from the National Automobile Dealers Association (NADA) and 
a Boston Consulting Group vehicle sales forecast, we assumed a linear growth curve for domestic 
new vehicle sales from 2011-2030
lxxxiii,lxxxiv
.  
3. California New Vehicle Sales: Using data from BTS and the California New Car Dealers 




4. California Total Vehicle Population: Using BTS state vehicle registration data for 2009, we 
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5. California Share of EV Market: Using historical hybrid vehicle adoption rates as well as EV 
forecast data for California published by the Center for Automotive Research, we have assumed 
that a constant 24% of domestic EV sales will occur in California
9
.  
6. Electric Vehicle Survivability Forecast: Using data published by the National Highway Traffic 
Safety Administration (NHTSA), we estimated EV retirement rates using historical ICE vehicle 
survivability rates as a proxy
lxxxviii
.  
8.2.2.2 Low Scenario 
This scenario was generated using data published in a 2010 special report by JD Power and Associates. 
This report takes a relatively pessimistic view of EV adoption rates over the coming decade, citing low 
consumer acceptance of battery technology, low fossil fuel prices, and global regulatory policy as three of 
the most significant barriers that will impact EV adoption rates over the coming decade and beyond.  
 
According to this report, 107,000 EVs are projected to be sold in the US in 2020, which represents a 0. 




Methodology used to generate Low Scenario forecast: 
1. Using data from the report, we assumed a linear trend for EV sales projections from 2010-2020 and 
extrapolated this data to 2030 using the same linear trend
xc
 
2. We then applied the assumed 24% factor for California EVs to results from #1 to estimate the volume 
of EVs sold in California each year 
3. We then applied NHTSA survivability statistics to results from #2 to generate a retirement schedule 
for EVs produced during 2011-2030 
4. Next, we subtracted retired EVs (#3) from total EVs on the road (#2) for each year between 2011-
2030 
5. Then we estimated the total number of vehicles on the road in California each year from the BTS 
sales forecast and a California vehicle registration rate of 15% (from assumption #4 above) 
6. Finally, we computed the yearly ratio of EVs on the road in California to total vehicles registered in 
California between 2011-2030  
 
Key assumptions (Low Scenario): Linear trend of EV adoption from 2011-2030; EV survivability will 
approximate historical ICE survivability trends; a constant 24% of EV sales in the US will occur in 
California over the next 20 years; a constant 15% of US vehicles will be registered in California.  
 
8.2.2.3 Medium Scenario 
This scenario was generated using actual vehicle OEM EV production forecast data that was collected 
and published by Frost & Sullivan in March 2009. We filtered the database to obtain relevant forecast 
data based on the following pivot-table options: 
 OEMS: (All) 
 OE Type: (All) 
 OE Model: (All) 
 Vehicle Type: (All) 
 Vehicle Segment: (All) 
 EV Segment: (Extended-Range EVs (eREV), High-Performance EVs (HPEV)) 
 Region: North America 
 Country: USA 
                                                     
9
For more on California Electric Vehicle adoption figures, see: Hill, Kim and J. Cregger. Deployment Rollout 
Estimate Of Electric Vehicles 2011-2015. Center for Automotive Research (CAR), Ann Arbor, 2011.  
  Better Place Master’s Project Team 








Methodology used to generate Medium scenario forecast: 
1. Using the EV production forecast data for 2011-2015, we extrapolated the results to 2030 by fitting a 
polynomial trend line (r
2
=. 9964) 
2. We then applied the assumed 24% factor for California EVs to results from #1 to estimate the volume 
of EVs sold in California each year 
3. We then applied NHTSA survivability statistics to results from #2 to generate a retirement schedule 
for EVs produced during 2011-2030 
4. Next, we subtracted retired EVs (#3) from total EVs on the road (#2) for each year between 2011-
2030 
5. Then we estimated the total number of vehicles on the road in California each year from the BTS 
sales forecast and a California vehicle registration rate of 15% (from assumption #4 above) 
6. Finally, we computed the yearly ratio of EVs on the road in California to total vehicles registered in 
California between 2011-2030  
 
Key Assumptions (Medium Scenario): EV survivability will approximate historical ICE survivability 
trends; a constant 24% of EV sales in the US will occur in California over the next 20 years; a constant 
15% of US vehicles will be registered in California.  
 
8.2.2.4 High Scenario 
This scenario was generated using global EV forecast data from a report published in 2010 by PRTM, a 
consulting firm focused on strategy and innovation. In this report, PRTM takes a relatively optimistic 
view of EV adoption projections, citing growing concern over climate change, anticipated increases in 
fossil fuel prices, financial incentives offered by governments, and increasing levels of urban pollution 
caused by ICEs as the primary drivers of EV adoption through 2020.  
 





Methodology used to generate High Scenario forecast: 
1. Generated yearly forecast estimates for the volume of EVs sold in the US (based on global production 
averages) and then extrapolated this data to 2030 by fitting a polynomial trend line (r
2
=. 99993) 
2. We then applied the assumed 24% factor for California EVs to results from #1 to estimate the volume 
of EVs sold in California each year 
3. We then applied NHTSA survivability statistics to results from #2 to generate a retirement schedule 
for EVs produced during 2011-2030 
4. Next, we subtracted retired EVs (#3) from total EVs on the road (#2) for each year between 2011-
2030 
5. Then we estimated the total number of vehicles on the road in California each year from the BTS 
sales forecast and a California vehicle registration rate of 15% (from assumption #4 above) 
6. Finally, we computed the yearly ratio of EVs on the road in California to total vehicles registered in 
California between 2011-2030  
 
Key Assumptions (High Scenario): US EV sales will be proportional to the number of EVs sold 
globally; EV survivability will approximate historical ICE survivability trends; a constant 24% of EV 
sales in the US will occur in California over the next 20 years; a constant 15% of US vehicles will be 
registered in California.  
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8.2.3.1 Market Size for Ancillary Services 
The model projects the market size for Regulation Up, Regulation Down, Spinning Reserves and Non-
Spinning Reserves by year for the entire California region expressed in $-Millions. A sample screenshot 
of the output is shown in Figure 17. Actual output from the model runs are explained and discussed in the 
following “Results” section.  
 
Figure 17: Sample Screenshot of the Market Size Output 
 
 
8.2.3.2 Revenue Opportunity from DR-EV provided Ancillary Services 
The model projects the potential revenue that an aggregator (or aggregators) could generate by providing 
the four ancillary services using DR-EV. The projections are annual and are expressed in $-Millions 
(Figure 18).  
 
Figure 18: Sample Screenshot of the Revenue Opportunity Output 
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8.2.3.3 Maximum Trip Range 
This output presents the limiting factor for trip distance as a result of the assumptions and input variables. 
This is to be understood as the maximum length of a trip allowed for the results of the model to hold 




Figure 19: Sample Screenshot of the Maximum Trip Range Output 
 
8.3 Model Results 
The ancillary services market in California is an annual multi-million dollar market. The following 
section attempts to quantify the value of that market and the revenue that an aggregator of electric 
vehicles could generate by providing these services.  
 
8.3.1 Ancillary Services Market in California 
The ancillary services market in California alone is worth about $1.65 B from year 2010 to 2030, growing 
at a compounded annual growth rate of about 0.70%. The most lucrative service in terms of market size is 
the Spinning Reserve service, closely followed by the Regulation Up service (Figure 20). However, 
despite that Spinning Reserves present the greatest revenue opportunity for demand response aggregators, 
they should focus on the Regulation Up service due to its higher value proposition ($/MWh).  
 
 
                                                     
10
 The range of the Tesla Roadster is 221 miles per single charge (Source: Tesla Motors, US EPA) 
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Figure 21: Ancillary Services Market in California, by Year 
 
8.3.2 Ancillary Service Revenue Opportunity for DR-EV in California 
 
To examine the revenue opportunity for provision of Ancillary Services by DR-EV, we ran three 
scenarios on our model – low, medium and high. Three inputs (Timeline, Energy Efficiency and the 
Maximum Charge Rate) were maintained constant across all three scenarios, while two (Range Anxiety 
and EV Penetration) were varied. The results, along with the respective inputs are summarized below.  
8.3.2.1 Low Scenario Results 
This scenario uses the following values for the input variables: 
 Timeline: 2011 to 2030 
 Vehicle Energy Efficiency: 3.04 miles/kWh 
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 Range Anxiety: 30 miles 
 EV Penetration: Medium 
 
The total revenue opportunity is $27.8 M with the Regulation Up service being the most lucrative (Figure 
22).  
 
Figure 22: Revenue Opportunity from DR-EV based Ancillary Services (2011 – 2030): Low Scenario 
 
8.3.2.2 Medium Scenario Results 
This scenario uses the following values for the input variables: 
 Timeline: 2011 to 2030 
 Vehicle Energy Efficiency: 3.04 miles/kWh 
 Maximum Charge Rate: 19.2 kW-h 
 Range Anxiety: 20 miles 
 EV Penetration: Medium 
 
The total revenue opportunity is $55.6 M with the Regulation Up service being the most lucrative (Figure 
23).  
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Figure 23: Revenue Opportunity from DR-EV based Ancillary Services (2011 – 2030): Med Scenario 
 
8.3.2.3 High Scenario Results 
This scenario uses the following values for the input variables: 
 Timeline: 2011 to 2030 
 Vehicle Energy Efficiency: 3.04 miles/kWh 
 Maximum Charge Rate: 19.2 kW-h 
 Range Anxiety: 10 miles 
 EV Penetration: High 
 
The total revenue opportunity is $192.8 M with the Regulation Up service being the most lucrative 
(Figure 24).  
 
Figure 24: Revenue Opportunity from DR-EV based Ancillary Services (2011 – 2030): High Scenario 
 
8.3.3 Sensitivity of Model 
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 EV Penetration Rates (highly sensitive): A higher number of EVs on the road will result in 
increased demand response capacity that the aggregator can draw on to provide to the grid.  
 Range Anxiety (moderately sensitive): The higher this variable is, the more frequently the 
aggregator needs to actually “top-up” or recharge the EV. As a result, demand response capacity 
will be reduced.  
 EV Energy Efficiency (moderately sensitive): The higher this is, the lower the battery discharge 
for a given mile. Since the aggregator capacity is directly proportional to the discharge of the 
battery (i. e. the amount by which the battery needs to be charged again), this results in decreased 
revenue opportunity.  
 
Since the charging rate for recharge stations is not a sensitive parameter, the capabilities of the SAE 
Level-II charger should be more than adequate for use by the aggregator(s).  
 
Figure 25: Sensitivity of Ancillary Services Revenue to Input Parameters 
 
 
9 Conclusions and Key Takeaways 
The overarching impetus for the commissioning of this study was a desire to examine the interactions 
among EVs, the energy grid, and renewable energy sources in the CAISO market.  
 
Due to very limited empirical evidence, there is currently a great deal of uncertainty around the extent to 
which increasing levels of wind and solar energy will destabilize the electricity grid. However, various 
studies have generally confirmed that increased intermittent resources require some level of infrastructure 
upgrades, and specifically tend to increase the demand for stabilizing resources such as ancillary services.  
9.1 Demand Response vs. V2G 
A common topic of discussion among supporters of EVs is the potential to leverage EV‟s battery assets 
and high percentage of plug-in time to provide distributed storage resources to the grid. This technology, 
commonly known as V2G, theoretically allows EVs to be charged during off peak periods and discharged 
back onto the grid during peak hours in order to provide stabilization services and take advantage of price 
arbitrage opportunities. Studies predict that as EVs become more pervasive, they could help support 
penetration of renewable energy sources by meeting the increase in demand for stabilization services that 
such intermittent sources require. However, our primary and secondary research has determined that the 
commercialization and mass adoption of V2G systems is not realistic in the short to medium term. This is 
due to a number of technical challenges that will likely take many years to overcome. However, primary 
research has found that EVs that are managed by an aggregated system do in fact have the potential for 
providing ancillary services to the grid by means of a demand response function (DR-EV). We believe 
that the four services are that are best suited to DR-EV are Frequency Regulation, Spinning Reserves, 
Supplemental Reserves and Replacement Reserves.  
 
Service Supply Directional Response Service Suitable for 
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Duration Shifts Rate Duty DR-EV? 
(Frequency) Regulation 10–15 min High <1 min Continuous Yes 
Spinning Reserves 10 min–2 hours Low <10 min Intermittent Yes 
Supplemental Reserves 10 min–2 hours Low <10 min Intermittent Yes 
Replacement Reserves 2 hours Low <30 min Intermittent Yes 
Voltage Control - - - - No 
Load Following 1–10 hours Medium <1 hour Intermittent No 
System Control NA NA NA Continuous No 
Real Power Loss Replacement 1–10 hours Low <10 min Continuous No 
 
 
9.2 Markets are increasingly being opened to DR 
In researching the market for ancillary services, it was found that in CAISO (as well as most other ISO‟s 
and RTO‟s) there is currently over-supply (approximately 10x of demand) of ancillary service capacity 
bidding into the market. This was a somewhat surprising finding given the fact that the total amount of 
ancillary services required to serve the CAISO market are increasing due to renewables integration. 
Despite the over-supply of ancillary service capacity, it was determined that there is still room for DR-EV 
in the market due to its expected low costs (e. g. zero fuel costs) and short response times, as well as 
favorable regulatory conditions which have explicitly opened these markets to DR.  
9.3 Revenue Opportunity is minimal, at best 
Based on forecasts of ancillary service markets and EV penetration rates, we have built a simulation 
model to predict revenue opportunities for aggregators in this market. Our model predicts that in our 
medium range scenario there is a total revenue opportunity of $42 M for EV aggregators in the California 
region alone. Because this revenue number is based on approximately 5.3 M cars spread out over 20 
years, it is clear that there is a negligible revenue opportunity for aggregators and end consumers. This 
figure is based on historical market clearing prices and represents the total revenue opportunity for all 
DR-EV players in the market, and is exclusive of operation costs for aggregators.  
 
The results of our scenario analysis show that the overall revenue opportunity is most sensitive to the 
penetration rate of EVs as well as the range anxiety of their users. In addition, because the relationship 
between the actual increase in ancillary service demand and renewable penetration has not been 
quantified, our model uses the very conservative assumption that ancillary services will increase at the 
same rate as load. However, because we expect the need for ancillary services to increase at a greater rate 
with the addition of intermittent renewables, the total revenue opportunity will expand as California 
fulfills its RPS. In addition, our model excludes energy payments which if included would also 
marginally increase these revenue projections.  
 
Interestingly, the results of this study suggest the relationship between EVs and renewable energy is 
decidedly different than what is commonly believed. The increased demand in ancillary services caused 
by increasing renewable penetration in California is easily met by existing resources, and requires no 
capacity additions. While it is fair to argue that as renewables drive an increase in demand for ancillary 
services, the revenue opportunities for EV aggregators increase, the overall revenue opportunities do not 
appear to be compelling. Therefore, the revenue opportunities from this market are unlikely to be large 
enough to significantly improve either the economics of EV ownership or the business case for 
intermediaries in the grid.  
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10.1 Appendix 1: Demand Response Additional Information 
10.1.1 ISO/RTO DR-EV  
1.) EV Charging-only Management & Reliability Assets 
o Simple: dynamic pricing 
o Complex: aggregators assemble predictable blocks of load  
2.) Charging and Discharging Reliability Assets – V2G and bi-directional flow of electricity 
3.) Price-Sensitive Demand Resources – Aggregators play in ISO/RTO markets by relaying price 
signals and collecting information regarding willingness to pay 
4.) EVs as Ancillary Market Assets – complex two-way charging and communication capabilities 
allow EVs to participate in AS markets 
 
The ISO/RTO Council has already begun to outline the steps necessary to integrate DR-EV into its 
existing markets and systems and has identified a number of products and services to be of the highest 
priority (Figure 26).  In addition the council has outlined potential business models for services such as 
DR-sourced regulation services or DR Regulation Resource (DRR) (Figure 27). 
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Figure 26: Potential DR-EV Products and Servicesxciii 
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Figure 27: Business Model for DR Regulation Resource (DRR) via DR-EVxciv 
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10.1.2 Dispatching DR-EV 
Depending on the communications and control technologies available, EV charging may take two forms:  
 




o Normal charging rate: average charge rate of pulsed on and off control signal.  
o Charge cycle duty: % of time the vehicle is charging while it is connected to the grid.  
o Duration: time it takes to charge an EV at the normal charging rate.  
o Maximum charge rate: rate of inherent charge, absent a control signal.  
o Minimum charge rate: zero.  
o Rate of charge: maximum rate of change in the charging rate (in %/sec).  
o Maximum charge energy: duration multiplied by normal charge rate 
 
 Modulated Charging – adjusts the rate of charge over time 
o Normal charging level: charge rate absent of control signal (between max and min 
rates).  
o Duration: time required to reach full charge at normal charge rate 
o Maximum charge rate: highest rate possible given signals and capabilities 
o Minimum charge rate: lowest rate possible given signals and capabilities, assumed to be 
zero 
o Rate of change: maximum rate of change in the charging rate (in %/sec).  
o Maximum charge energy: duration multiplied by normal charge rate 
 
Theoretically, pulsed charging can be treated as modulated if the pulse rate is approximately four times 
faster than the control signal.  
10.1.3 DR & Behavior 
All DR programs are designed to reflect the preferences and behavior of users. While most large 
electricity customers enrolled in incentive programs must decide whether and when to allow power 
dispatchers to cycle their devices on and off, smaller consumers participating in dynamic pricing 
programs, must weigh prices against needs to make daily decisions regarding consumption.  
 
In an effort to determine the likelihood that residential energy consumers will change their habits and/or 
participate in DR programs, Frost and Sullivan interviewed 600 homeowners from around the country 
with some insight into their electricity bills. Respondents were generally supportive of DR programs, with 
a large majority in favor of dynamic pricing programs and a slightly less percentage interested in direct 
load control (Figure 28). Despite these findings, the price elasticity and behavior of residential consumers 
remains a chief concern for many dispatchers, utilities, and system operators.  
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Figure 28: Adoption Probability by Demand Response Programxcvi 
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10.2 Appendix 2: Grid Support Services 
10.2.1 Transmission Support 
Transmission support generally improves transmission and distribution systems by correcting problems 
such as voltage sag, unstable voltage, and sub-synchronous resonance. The compensation provided by the 
energy storage system broadly improves the system stability and electrical performance. However, the 
actual benefits vary on a case-by-case basis and are site and situation specific. Table 8 below outlines the 
main types of transmission support: 
 
Table 8: Primary Modes of Transmission Supportxcvii 
Transmission Support Mode Description 
Transmission Stability Damping 




Increase line capacity by allowing higher levels of series 
compensation by providing active real and/or reactive 
power modulation at sub-synchronous resonance 
modal frequencies.  
 
Voltage Control and Stability 
1. Transient Voltage Dip Improvement: Increase load 
carrying capacity by reducing the voltage dip which 
follows a system disturbance.  
 
2. Dynamic Voltage Stability: Improve transfer capability 
by improving voltage stability.  
Under-frequency Load Shedding Reduction 
Reduce load shedding needed to manage under-
frequency conditions which occur during large system 
disturbances.  
 
For energy storage to be viable for these services, the source must be capable of sub-second response, 
partial state-of-charge operation, and have numerous charge-discharge cycles. In addition, the source 
must be able to provide real and reactive power, and the discharge duration must be between one and 20 
seconds. The resource is also not likely to have the ability to be used concurrently with other application 
unless it is only used for peak demand or peak congestion periods.  
10.2.2 Transmission Congestion Relief 
Due to increasing demand and an aging infrastructure, many areas of the grid have a lack of adequate 
transmission capacity. During periods of peak demand, these capacity shortfalls result in higher cost of 
capacity supply and capacity charges for users who pay fees to access this capacity. These regional 
differences in capacity availability are the underlying conditions that lead to locational marginal pricing 
(LMP). To avoid abnormally high charges, storage resources can be installed downstream from areas that 
tend to become congested, and discharged during peak periods in order to decrease congestion and the 
associated premiums during peak. For this application to be viable is generally necessary to have 
resources with standard discharge durations of four hours. Resources used in this function will likely be 
compatible with other energy storage applications.  
10.2.3 Transmission and Distribution Upgrade Deferral 
Transmission and distribution upgrade deferral refers to the installation of energy storage devices in 
transmission systems which allow the deferral or complete avoidance of large capital outlays associated 
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with such system upgrades. These applications are most commonly done in systems that are at or near 
their load carrying capacity. As with congestion relief, these systems would typically be installed 
downstream from an area with overloaded capacity. The key aspect of this application is that these 
deferrals can usually be accomplished with relatively small amounts of energy storage resources. It can 
therefore be significantly more cost effective to make these small investments in lieu of the large capital 
expenditures which would be necessary to upgrade capacity with the traditional methods. The end result 
of these deferrals provide advantages such as lower rates for end users, higher utilization rates of the 
existing assets, and lower risk profile for the entity which would be responsible for making large capital 
investments.  
 
Standard discharge duration of this application is from three to six hours. These systems will also require 
considerable design considerations and cooperation between energy system engineers and utility 
engineers. This application also has potential synergies with several other energy storage applications.  
10.2.4 Substation On-Site Power 
There are currently approximately 100,000 battery storage substations in locations scattered throughout 
the US
xcviii
. The role of these storage facilities is to provide backup power to substation components when 
the grid is not energized, including switching components, control equipment, and communication 
devices. Currently, the most common technology in place is lead-acid batteries. Users of these resources 
are generally satisfied with current solutions that are in place, however the following considerations 
would be critical when choosing alternate technologies: 
 Improved reliability 
 Metrics or measurement tools that can provide an easy and effective way to track assets 
remaining useful life and maintenance needs 
 DC power capabilities 
The requirements for these resources vary by the amount of voltage they are required to provide: 
 
Voltage Required Battery Rating 
< 69 KV 1. 6 KVA 
Between 69 KV and 169 KV 2. 9 KVA 
>169 KV 8. 5 KVA 
 
Typical resources have a standard value of 2.5 kW and a discharge range from eight to 16 hours. These 
resources can also be used for other applications but must not interfere with the primary function.   
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10.3 Appendix 3: Renewables Profiles and Forecast 
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Figure 30: Renewable Resource Forecastc 
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10.4 Appendix 4: Results of EV Scenario Forecasting 
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10.5 Appendix 5: List of Abbreviations 
 
AGC – Automatic Generation Control 
AMI – Advanced Metering Infrastructure 
BEV – Battery Electric Vehicle (i.e. Nissan Leaf) 
BTS – Bureau of Transportation Statistics 
CAISO – California Independent System Operator 
C&I – Commercial and Industrial  
CSP – Curtailment Solution Providers 
DR – Demand Response 
DLC - Direct Load Control 
DRR – Demand Response Regulation Resource 
DSM – Demand Side Management 
EA – Enhanced Aggregation 
EES – Electrical Energy Storage 
ELC - Emergency Load Curtailment 
EPRI – Electric Power Research Institute 
eREV – Range Extender Electric Vehicle (i.e. Chevy Volt) 
EV – Electric vehicle (for the purposes of this report, “EV” includes BEV, PHEV, and eREV) 
FERC – Federal Energy Regulatory Commission 
ISO – Independent System Operator 
kW – kilowatt (1,000 watts) 
LCOE - Levelized Cost of Electricity 
LMP – Locational Marginal Pricing 
MW – megawatt (1,000 kW) 
NHTSA – National Highway Traffic Safety Administration 
NREL – National Renewable Energy Laboratory 
ORNL – Oak Ridge National Laboratory 
PHEV – Plug-in Electric Vehicle (i.e. Prius Plug-In) 
REC – Renewable Energy Credits 
RPS – Renewable Portfolio Standard 
V2G – Vehicle-to-Grid  
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